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Prediction of peak left ventricular pressure by echo-
cardiography in children with aortic stenosis assumes
that wall stress is normal. The recent finding that stress
is subnormal in many children with aortic stenosis and
elevated ejection performance requires reevaluation of
this noninvasive technique. By using M·mode echocardi-
ography, left ventricular end-diastolic dimension and
wall thickness and left ventricular shortening fraction
were measured in 27 children with aortic stenosis
undergoing left ventricular pressure measurement by
cardiac catheterization. Similar echocardiographic mea-
surements and systolic blood pressure determinations by
the cuff method were obtained from 29 normal children.
Peak circumferential wall stress and shortening frac-
tion were calculated from the echocardiographic and
pressure data. It was found that stress was inversely
proportional to shortening fraction for all patients with
aortic stenosis (p < 0.001, r = - 0.86). In a subgroup
Although an assessment of the severity of aortic stenosis in
children is usually made invasively during cardiac cathe-
terization, noninvasive prediction of left ventricular pressure
is important. Accurate noninvasive estimates of left ven-
tricular pressure reflect the severity of the obstruction and
permit proper patient counseling and timing of the cathe-
terization procedure. Previous studies (1-6) using M-mode
echocardiography have demonstrated a relatively good cor-
relation of noninvasively predicted left ventricular pressure
with catheterization results. These studies have assumed that
muscle hypertrophy occurs to maintain normal wall stress.
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of patients with a shortening fraction of less than 0.40,
stress was 262 ± 20 mm Hg, similar to 280 ± 30 mm
Hg in the normal group but greater than 205 ± 27 mm
Hg in patients with a shortening fraction of 0.40or greater
(p < 0.001). In patients with aortic stenosis, the ratio
of left ventricular end-diastolic wall thickness to cavity
dimension predicted peak left ventricular pressure mod-
erately well (r = 0.83, standard error of the estimate
[SEE] =23). The stress-shortening fraction relation was
used to estimate stress and correct this ratio in patients
with diminshed stress and a shortening fraction greater
than or equal to 0.40. This yielded a significantly im-
proved correlation (r =0.93, SEE =15, P < 0.05). It
is concluded that echocardiographic prediction of peak
left ventricular pressure should include correction for
diminished wall stress in children with an elevated ejec-
tion performance.
By assuming a normal value for wall stress and measuring
left ventricular end-diastolic diameter and wall thickness,
left ventricular pressure can be estimated. However, we
have recently demonstrated (7) that wall stress is subnormal
at rest in many children with aortic stenosis and elevated
ejection performance. In such patients, use of this principle
might lead to errors in estimation of left ventricular pressure.
We and others have noted an inverse relation between left
ventricular muscle shortening and wall stress (8-12). There-
fore, we undertook this study to determine if wall stress
obtained from this relation could be used to enhance the
accuracy of noninvasively predicted left ventricular pressure.
Methods
Study patients. Twenty-seven children with aortic ste-
nosis formed the study group. Twenty-two had valvular
obstruction. four had a subvalvular membrane and one had
supravalvular narrowing. Three underwent coarctation re-
pair 4 or more years before this study. but none had previous
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aortic valve surgery. Aortic regurgitation was excluded in
all of the patients by aortic root angiography. None had a
history of chest pain, syncope or cardiac failure.
Twenty-nine children with no history of cardiovascular
disorders formed the normal group.
Echocardiography and catheterization. Fifteen pa-
tients with aortic stenosis underwent simultaneous M-mode
echocardiography and left ventricular pressure recordings
during cardiac catheterization. Twelve had M-mode echo-
cardiograms performed within 24 hours of catheterization.
Patients in the latter group were included in the study only
if heart rates at the time of echocardiography and catheter-
izationwere within 10beats/min. All echocardiograms were
performed from the left sternal border and recorded at a
paper speed of 50 or 75 mm/s with a simultaneous electro-
cardiogram. To help distinguish between chordal and en-
docardial echoes and identify the proper location for left
ventricular measurements, each study included a "sweep"
from the aorta to a point below the tips of the mitral leaflets.
If necessary, several sweeps were recorded until readjust-
ment of the gain controls yielded satisfactory endocardial
and epicardial echoes. Two patients who underwent simul-
taneous echocardiography and catheterization requireda sa-
line contrast study in the left ventricle to correctly identify
structures (13).
Catheterization was performed with the patient lightly
sedated with a mixture of meperidine, promethazine and
chlorpromazine. The left ventricle was entered in a retro-
grade fashion from the ascending aorta, and the left ven-
tricular pressure was recorded with a fluid-filled system
before angiography.
M-mode echocardiography was performed in an identical
fashion in all subjects in the normal group. With the patient
supine, the systolic blood pressure was obtained from the
right arm by the cuff method before and after
echocardiography.
Written consent was obtained for normal subjects and
for patients with aortic stenosis undergoing simultaneous
echocardiography and cardiac catheterization. Echocardi-
ography in the remaining patients with aortic stenosis was
performed as partof the routine precatheterization evaluation.
Measurements anddataanalysis. Left ventricularwall
thickness and cavity dimensions were measuredjust below
the tips of the mitral leaflets; the leading edge method was
used for all measurements. End-diastole was defined at the
Q wave of the electrocardiogram. The left ventricular end-
diastolic dimension was measured between the left ventric-
ular posterior wall endocardium and the left septal endo-
cardium. The left ventricular end-systolic dimension was
taken as the shortest distance between the left ventricular
posteriorwall and the left septal surface. The left ventricular
posteriorwallend-diastolicthicknesswasmeasured between
the posteriorwallendocardiumandtheepicardial-pericardia!
interface; the septal end-diastolic thickness was measured
between the right and left septal surfaces. Three to five
cardiac cycles were measured in each patient, and the mean
left ventricularend-diastolic dimension was calculated. For
each cycle, the left ventricularposteriorwall and septal end-
diastolic measurements were averaged to yield a wall thick-
ness index; the mean wall thickness index was then cal-
culated. The ratio of wall thickness index to left ventricular
end-diastolic dimension was computed for each cycle, and
the mean value of this ratio was then calculated. In the
aortic stenosisgroup, the mean left ventricularpeak systolic
pressure was obtained for each patient by averaging five
cardiac cycles from the left ventricular pressure recording;
in the normal group, it was determined from the average of
the two systolic blood pressure measurements.
The left ventricular shortening fraction (SF) was calcu-
lated from:
SF = (LVEDD - LVESD) I LVEDD, (I)
where LVEDD is the left ventricular end-diastolic dimen-
sion and LVESD is the left ventricular end-systolic dimen-
sion. The shortening fraction was determined for each car-
diac cycle, and the mean for each patient was computed.
Left ventricular peak systolic circumferential wall stress
was estimated by the formula of Sandler and Dodge (14)
and modified by Aziz et al. (2):
LVPSP [ I]
Stress = 2h/LVEDD I - 8(I + h/LVEDD)' (2)
where LVPSP is the left ventricular peak systolic pressure
and h/LVEDD is the mean ratio of wall thickness index to
left ventricularend-diastolic dimension. Dimensions at end-
diastole were chosen to estimate wall stress because peak
stress occurs early in systole (15) and echocardiographic
measurement errors caused by lateral beam width artifacts
are minimized.
Correction o/hILVEDD for effect ofdiminished stress. For
all patients with aortic stenosis, a relation between short-
ening fraction and stress was obtained by linear regression
analysis. Assuming constant stress, linear regression was
used to determine the relation between h/LVEDD and left
ventricular peak systolic pressure. We then identified a
subgroup of patients with an elevated shortening fraction
and diminished stress. For this subgroup, we corrected hi
LVEDD for the effect of diminished stress by estimating
stress from the stress-shortening fraction relation, comput-
ing the ratio of estimated to expected stress and multiplying
this ratio and h/LVEDD. The corrected valuesofh/LVEDD
for patients in this subgroup and the uncorrected values of
h/LVEDD for all other patients with aortic stenosis were
then plotted as a single regression against left ventricular
peak systolic pressure.
Statistical methods. All values wereexpressed as a mean
± I standard deviation. Group comparisons were made
using an unpaired t test. Linear regression was performed
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by the method of least squares. and comparison of corre-
lation coefficients was made using a normal Z distribution
( 16).
Results
Echocardiographic and pressure data are given in Table
1. The mean age in the aortic stenosis group was 9.2 ±
3.9 years and in the normal group. 11 .4 ± 5.3 years (not
significant INS]). Mean body surface area in the aortic ste-
nosis group was 1.05 ± 0.34 rrr ' : and in the normal group,
it was 1.2 ± 0.40 rrr' (NS).
Relation between shortening fraction and stress (Fig.
1). The mean stress value in the normal group was 280 ±
30 mm Hg. We designated a shortening fraction of 0.40 or
greater as a marker for elevated ejection performance. For
10 patients with aortic stenosis with a shortening fraction
of 0.40 or greater. the mean stress was 205 ± 27 mm Hg,
significantly less than that of the normal group (probability
[pI < 0.00 1). In the remaining 17 patients with aortic ste-
nosis with a shortening fraction less than 0.40. stress was
262 ± 20 mm Hg. similar to that of the normal group.
Relation between b/LVEDD and left ventr icular peak
systolic pressure (Fig. 2 and 3). Because stress was re-
duced in the patients with aortic stenosis with a shortening
fraction of 0.40 or greater. we calculated a corrected ratio
of wall thickness index to left ventricular end-diastolic di-
mension for each patient in this subgroup. This was accom-
plished by fi rst estimating stress from the shortening fraction
using the regression relation in Figure I . The corrected ratio
was then calculated by the formula:
h/LVEDDc = (Se/262) x (h/LVEDD). (3)
where h/LVEDDc is the corrected ratio, Se is the estimated
peak circumferential stress and 262 mm Hg is the mean
stress in the aortic stenosis group with a normal « 0.40)
shortening fraction. For patients with a shortening fraction
less than 0.40, no correction was made and h/LVEDDc was
equal to h/LVEDD. Figure 3 shows the correlation between
left ventricular peak systolic pressure and h/lVEDD, . The
strength of this relation is significantly better than the re-
lation obtained using the uncorrected ratio (htl VEDD) shown
in Figure 2 (p < 0.05 ). The standard error of the estimate
is also improved.
Discussion
Correction for diminished wall stress and improved
prediction of left ventricular peak systolic pressure. The
most important finding of this study is that correction for
diminished wall stress in children with aortic stenosis and
elevated ejection performance significantly improves the
ability of M-mode echocardiography to predict the left ven-
tricular peak systolic pressure accurately. When we assumed
that wall stress was normal and constant, we obtained a
moderately good correlation between the ratio of wall thick-
ness index to chamber diameter at end-diastole (h/l VEDD)
and the left ventricular peak systolic pressure measured at
catheterization (Fig. 2). However, hypertrophy in many
children with aortic stenosis reduces peak circumferential
wall stress (and wall stress throughout the cardiac cycle)
despite a much higher left ventricular peak systolic pressure
(7) and results in the elevated ejection performance that
characterizes childhood aortic stenosis (7,17). Inclusion of
data from children with diminished wall stress in this cor-
relation distorts the linear relation between h/LVEDD and
left ventricular peak systolic pressure and reduces the prob-
ability of accurately predicting left ventricular peak systolic
pressure from h/LVEDD in subsequent patients.
Because the shortening fraction is an index of muscle
shortening easily obtained from the echocardiogram. we
were able to identify a subgroup of patients with elevated
ejection performance (shortening fraction of 0.40 or greater)
and diminished wall stress. We then corrected the measured
h/LVEDD for the diminished stress value in these patients
before determining the regression line. Shortening fraction
was used to estimate stress from the stress-shortening re-
lation (Fig. I) and the ratio of estimated peakcircumferential
stress (Se) to the mean stress measured in the patients with
aortic stenosis with normal ejection performance (SeI262)
was computed. This ratio was used to correct h/LVEDD
according to equation 3; h/lVEDD in patients with a short-
ening fraction less than 0.40 and h/LVEDDc in patients with
a shortening fraction greater than 0.40 were then plotted
against left ventricular peak systolic pressure, yielding a
much improved correlation.
Effect of diminished stress and afterload mis-
match. The slope of our regression line betweenh/LVEDD
corrected for diminished stress dill VEDDJ and left ven-
tricular peak systolic pressure is greater than the slope of
our initial uncorrected regression line. Inspection of the data
in Figure 2 shows that a line with a greater slope may be
drawn through the data points derived from patients with a
shortening fraction less than 0.40 and stress not significantly
different from normal. Inclusion of data from patients with
diminished stress affects the uncorrected regression analysis
by reducing the slope and compromising the strength of the
relation. Correction of h/lVEDD for diminished stress in
patients with a shortening fraction greater than or equal to
0.40 eliminates this problem. increasing both the slope and
the correlation coeffic ient (Fig. 3).
Comparison with data in adults. The estimated mean
stress value in our normal subjects compares favorably with
the data of Quinones et al. (18), who used similar M-mode
echocardiographic methods in adults. Previous studies (15.19)
have shown that muscle hypertrophy in adults with chronic
left ventricular obstruction occurs to maintain this normal-
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Table 1. Ec hocardiographic and Pressu re Data fo r Pati ents Wi th Ao rtic St enosi s ?S Z> ~
;<l('T1
Mean Mean CATH Uncorrected Corrected S2-l0>
Age BSA LVEDD h Mean Mean Stre ss LVPSP LVPSP Est LVPSP Est O r-
- -
;<l '
Case (yr) ( rrr' ) (em) (em) h/LV EDD SF (mm Hg) h/LVEDD,. (mm Hg) (mm Hg) (mm Hg) >
.."
:I:
I 4.5 0.64 2.35 1.00 0.42 0 .5 1 206 0 .33 190 194 194 -<
2* 8.0 0.92 3. 15 1.00 0 .3 1 0 .37 248 0 .3 1 170 160 182 Z>
3* 11.3 1.25 3.65 0 .90 0 .24 0 .36 262 0 .24 140 138 142 0;<l
4* 9.6 1. 10 4. 10 1.00 0 .24 0 .39 253 0.24 135 138 142 -ln
5* 10.0 1.20 3.20 1.00 0 .3 1 0 .43 255 0.27 175 160 162 on
6 1.5 0.67 2.50 0.60 0.24 0.24 135 138 142 -l0 .34 253 ('T1z
7 8.5 0 .98 2.80 1.50 0 .53 0 .58 191 0 .37 220 227 2 18 0on
8 2.0 0.50 2. 10 1.00 0.47 0 .52 209 0 .36 2 15 209 2 13 u;
9* 9.0 0.94 3.25 0.95 0.29 0 .32 280 0 .29 180 153 171
10* 10.5 1.20 2.90 1.50 0 .5 1 0 .49 17 1 0 .4 1 190 22 1 243
II 6.0 0 .78 3. 10 0.90 0 .29 0.40 202 0.27 130 154 156
12* 13.0 1. 10 3.85 0.90 0.23 0.37 238 0.23 122 135 136
13 5.5 0 .80 3.20 0.60 0 . 18 0.36 253 0 . 18 102 120 106
14 5.5 0 .80 3.30 0.70 0 .2 1 0 .30 267 0 .2 1 125 129 124
15* 9.0 0 .89 3. 10 1.10 0 .35 0 .32 3 11 0 .35 240 172 206
16 4.5 0 .62 2.70 0 .95 0 .35 0 .56 194 0 .26 150 172 151
17* 14.3 1.20 4.40 0.85 0 . 19 0.36 236 0. 19 100 123 112
18 13.3 1.70 4.00 1.05 0.26 0 .3 1 294 0.26 170 145 153
19* 14.1 1.33 3.80 1.15 0 .30 0 .42 238 0 .27 158 157 158
20* 11.0 1.55 4.50 1.00 0 .22 0 .35 265 0 .22 130 132 130
2 1* 15.0 1.70 4.30 2.00 0.47 0 .52 214 0 .36 220 209 213
22 13.2 1.10 3. 10 1.65 0.53 0 .65 169 0.33 195 227 195
23 12.4 1.10 3.80 1.00 0 .26 0.30 260 0.26 150 145 153
24* 11.0 0 .98 3.20 0.70 0.2 1 0 .3 1 246 0.2 1 115 129 124
25* 5.5 0 .77 3.00 0.85 0 .28 0 .30 274 0 .28 170 15 1 165
26* 15.0 1.75 4.30 0.85 0 .20 0 .32 246 0 .20 110 126 118
27 6.5 0 .86 3.20 1.17 0 .37 0 .32 270 0.37 220 178 2 18
*Echocardiography and left ventricular pressure measurement perfqrrncd simultaneo usly. BSA = body surface area; CATH = catheter ization ; h = average of left
ventricular posterior wall and septal thickness (wall thickness index); h/LVEDD = ratio of wall thickness index to left ventri cular end-diastol ic dimension; hlLVEDD,
= ratio of wall thickness index to left ventricular end-diastolic dim ension. corrected for wall stress; LVEDD = left ventricular end-diastolic dimension ; LVPSP = left
ventricular peak systolic pressure ; LVPSP Est = left ventricular peak systo lic pressure estimated by regression analysis using the uncorrected or corrected ratio of wall
thickness index to left ventricu lar end-dias tolic dimension. ::ra'~
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Figure 1. Relation between peak circumferen-
tial wall stress (S) and shortening fraction (SF)
forall patients with aortic stenosis, Thisrelation
is used to estimate wall stress in patients with a
shortening fraction of 0.40 or greater. SEE
standard error of the estimate.
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1Il representing patients with a shortening fraction
110 •• of less than0.40 (e). This is consistent with the
•• diminished stress found in patients with a short-
90 ening fraction of 0.40 or greater (A).
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wall stress, thereby preserving pump function, The concept
of "afterload mismatch" in patients with left-sided obstruc-
tion has recently been discussed (8-10,12) in terms of in-
adequate or excessive muscle hypertrophy resulting in wall
stress that is inappropriately high or low, independent of
the contractile mechanism. DePace et al. (12) recently pro-
posed excessive or inadequate muscle hypertrophy as a cause
for widely varying wall stress in adults with aortic stenosis,
which contributes to significant errors in echocardiographic
prediction of left ventricular pressure in this group of pa-
tients. Further, the relation between muscle shortening and
wall stress may be weakened by depression of the contractile
mechanism (12,20), a phenomenon not suggested in child-
hood aortic stenosis (7). In 10of our 27 patients with aortic
stenosis, wall stress was reduced but could be predicted
from the relation shown in Figure I. This suggests that
correction for altered wall stress might be more practical in
the pediatric than in the adult patient.
The stress-shortening relation. The inverse relation
between stress and muscle shortening, documented in both
adult patients (8-10,12) and patients of mixed ages (11),
formed the basis for our estimation of wall stress in the
subgroup of children with elevated ejection performance.
The strength of the correlation we obtained is similar to that
found by Borrow et al. ( II) for shortening fraction and end-
systolic stress in normal subjects.
Correlation with other observations in children.
Three other echocardiographic studies (3,4,6) performed in
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Figure 3. Relation between h/LVEDDc • the
mean ratio of left ventricular end-diastolic
wall thickness index to left ventricular end-
diastolic dimension, corrected fordiminished
wall stress inpatients with a shortening frac-
tion of0040 orgreater, and theleftventricular
peak systolic pressure (LVPSP) measured at
catheterization. Patients with a shortening
fraction of less than 0040 (e) anda shortening
fraction of 0040 or greater (A) are included.
Correction for diminished stress in patients
with a shortening fraction of 0040 or greater
improves thecorrelation significantly and re-
duces the standard error of theestimate (SEE).
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similar groups of children with aortic stenosis also show a
subgroup of patients with elevated ejection performance.
Inspection of these data revealed no significant stress-short-
ening relation in two of the studies (3,4). However, analysis
of data from Bass et al. (6) demonstrated a weak but sig-
nificant stress-shortening relation. As expected, their regres-
sion between filLVEDD and left ventricular peak systolic
pressure was very similar to the regression we obtained
before correction for altered wall stress. In another study
by Aziz et al. (2), the relation between h/LVEDD and left
ventricular peak systolic pressure resembled our regression
derived after correction for altered wall stress. This finding
is consistent with the fairly uniform peak wall stress present
in all of their patients.
None of our patients were studied after undergoing aortic
valve surgery. When successful, this procedure results in
abnormally diminished wall stress. In these patients, the
uncorrected regression consistently overestimates the peak
left ventricular pressure (4). Whether the shortening fraction
accurately reflects this altered stress is uncertain.
Clinical application. Our data suggest that echocardio-
graphic prediction of left ventricular peak systolic pressure
in children with aortic stenosis can be improvedsignificantly
by correcting the ratio of left ventricular end-diastolic wall
thickness index to end-diastolic dimension (h/LVEDD)
for diminished wall stress in patients with a shortening frac-
tion of 0.40 or greater. The stress-shortening relation we
derived may be used to estimate the altered wall stress value
in these patients and obtain the corrected ratio, h/LVEDDc '
The relation between h/LVEDDc and left ventricular peak
systolic pressure formulated in this study or the regression
derived by Aziz et al. (2) may then be utilized to estimate
the peak left ventricular pressure.
We thank Marianna Donleavy for her assistance in the preparation of this
manuscript.
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